ABSTRACT -The formation of an acrosomal process at acrosomal exocytosis in spermatozoa of the amphioxus was described in the present report for the first time. A non-reacted acrosome was located in front of the nucleus, where a cup-shaped acrosomal vesicle covered a conical accumulation of subacrosomal material. When naturally spawned spermatozoa were treated with a calcium ionophore, ionomycin, the acrosomal vesicle opened at the apex and an acrosomal process was projected. The process exhibited a filamentous structure. The reaction followed the mode typically seen in marine invertebrates. These observations suggest that the features and function of the acrosome of amphioxus, whose position is on the border between invertebrates and vertebrates, reflect their ecological adaptation and phylogenic position.
INTRODUCTION
Amphioxus, which is found widely in the world, has attracted much interest. This organism occupies an important position in the phylogeny of the animal kingdom as a key species in discussions on the relationship between invertebrates and vertebrates in Chordata. Much attention has been paid to this species in the fields of physiology and developmental biology, and a large amount of evidence has also been accumulated in the field of reproductive biology. Amphioxus embryogenesis has been extensively studied (Conklin, 1932 (Conklin, , 1933 Yan, 1999) , and the fine structures of amphioxus spermatozoa (Baccetti et al ., 1972; Holland and Holland, 1989a; Jamieson, 1984; Lin et al ., 1987) , growing oocytes (Aizenstadt et al ., 1990; Holland and Holland, 1991) , and mature eggs Holland, 1989b, 1992) have been investigated.
The acrosome reaction in spermatozoa, the first step in the interaction between gametes, is an important process for fertilization and has been studied in many animal species (Dan, 1967) . Two reaction modes have been described: one in marine invertebrates and the other in vertebrates. In invertebrates, an acrosomal process is projected at the apex of the spermatozoa upon acrosomal exocytosis; in vertebrates, on the other hand, acrosomal exocytosis occurs at many points, without the formation of an acrosomal process. Electron microscopic observations have shown that nonreacted testicular spermatozoa of genus Branchiostoma consist of a head containing an acrosome, a midpiece containing a C-shaped or circular mitochondrion, and a tail containing an axoneme with a 9+2 structure (Baccetti et al ., 1972; Holland and Holland, 1989a; Jamieson, 1984; Lin et al ., 1987) . Based on these observations, the formation of an acrosomal process during acrosomal exocytosis was suspected in amphioxus. However, the actual acrosome reaction has not been previously described in amphioxus.
Here, we describe the acrosome reaction that occurs in the amphioxus, Branchiostoma belcheri , and describe the fine structures of non-reacted and reacted acrosomes in detail.
MATERIALS AND METHODS
Adult amphioxus, B. belcheri , were caught by dredging in the Enshu-Nada Sea in Aichi prefecture, Japan, at the end of June (the breeding season for this species). Females and males were kept in a laboratory tank at 25 ° C without circulating seawater under natural light conditions until the males and females began to exhibit spawning behavior under culture conditions (Mizuta and Kubokawa, 2004) . On an early evening in August, a male began to exhibit spawning behavior and swam up from the sand bed of the tank. The male was caught in a net, placed in a small dish containing seawater, and allowed to spawn. The released spermatozoa were then collected. Testicular spermatozoa were also collected by the dissection of a ripe testis.
The released spermatozoa were concentrated in a small amount of seawater by centrifugation at 6000 r.p.m. for 1 minute at room temperature. One volume of the sperm suspension was mixed with 4 volumes of artificial seawater (ASW) (462 mM NaCl, 9 mM KCl, 10 mM CaCl 2 , 48 mM MgCl 2 , and 10 mM HEPES, at a pH of 8.5) with or without ionomycin (Sigma Chemical, MO, USA) at a concentration of 100 µ M, and the samples were left for 3 minutes at room temperature. Ionomycin treated-and untreated-spermatozoa and spermatozoa from the dissected testis were fixed in 1% glutaraldehyde in ASW and post-fixed with 1% osmium tetroxide in a 0.1 M phosphate buffer (pH 7.4).
For the transmission electron microscopy (TEM) studies, the samples were dehydrated in an alcohol series and embedded in epoxy resin through propylene oxide. Ultrathin sections were stained with uranyl acetate and lead citrate. For the scanning electron microscopy (SEM) studies, the samples were dehydrated and critical-point dried. Observations were performed using JEM 1200 (JEOL Co. Ltd, Tokyo, Japan) and S-4800 (Hitachi High-Technologies, Tokyo, Japan) electron microscopes.
RESULTS
The spermatozoa from the testis of B. belcheri consisted of a head (containing an acrosome and a nucleus), a midpiece, and a tail (Fig. 1) . The acrosome was coneshaped and located in front of the nucleus. An acrosomal vesicle overlay a conical accumulation of subacrosomal material that was unstructured, with a somewhat diffused aspect of moderate electron density (Fig. 1a-f) . The subacrosomal material was extended into a thin layer between the peripheral edges of the acrosomal vesicle and the nucleus (Fig. 1b) . The nucleus was almost spherical in cross section and subovoid in longitudinal section. The nucleus faced the acrosome with its anterior plate, or shallow cavity, while it had a deep posterior indentation that was invaded by relatively electron-dense material (Fig. 1b) . The midpiece was short and contained, possibly, a single mitochondrion. In the tail extending diagonally to the acrosome-nucleus axis, an axoneme with a 9+2 structure was simply surrounded by the plasma membrane (Fig. 1g) . These TEM features are similar to those reported previously in Branchiostoma (Baccetti et al ., 1972; Holland and Holland, 1989a; Jamieson, 1984; Lin et al ., 1987) . In addition, the present study revealed several distinct features. The acrosomal vesicle was thinner in the center region than in the side region and contained several layers of materials with different electron densities (Fig. 1a-f) . A material with a low electron density was located on the inner side, facing the subacrosomal material, and an electron-denser layer occupied the outer side, which appeared to be thick in the lateral region. Between them, the accumulation of another electron dense material was observed. In some sections of the midpiece, the centrioles were surrounded by a mitochondrion, one side of which was wider than the other (Fig. 1a, b) . In the SEM studies, the head-midpiece region of intact spermatozoa was estimated to be about 1.8 µ m long and 1.2 µ m wide at the nucleus level, and the length of the tail, including the end piece, was roughly 35 µ m long (Fig. 4) .
The acrosomal region of the spawned motile spermatozoa was generally similar to that of the testicular immotile spermatozoa (Fig. 2) . Some sections of the midpiece exhibited a single circular mitochondrion encircling the centriole. When the spawned spermatozoa were treated with ionomycin at a concentration of 80 µ M (final) in ASW at a pH of 8.5, the plasma membrane and the underlying outer acrosomal membrane fused at the very apical point, and an acrosomal process projected through the opening (Fig. 3) . At early stages, a collar-like structure derived from the fusion of the outer acrosomal and plasma membranes encircled the base of the process (Fig. 3a-d) . The core of the process seemed to be derived from the subacrosomal material, being covered by a membrane that was continuous with the plasma membrane via the inner and outer acrosomal membranes. Thin filaments were observed in the core (Fig. 3e) . The acrosomal materials seemed to disappear at an early stage of exocytosis. At later stages, the collar-like structure disappeared and only the projected acrosomal process was visible (Fig. 3f) . Judging by the image in Fig. 3f , a well-projected acrosomal process was 70-80 nm thick and longer than 2 µ m.
A SEM image of the acrosome reaction is shown in Fig.   Fig. 3 4. A cone-shaped intact acrosome was clearly observed at the apex of ionomycin-untreated spermatozoa (Fig. 4a) . The surface of the acrosome was less wavy than that of the nuclear region. In ionomycin-treated spermatozoa, the acrosome disappeared, and a projected acrosomal process was visible (Fig. 4b-d) . A short process was sometimes surrounded by a collar-like structure (Fig. 4b) . These images supported the TEM observations described above.
DISCUSSION
During the exocytosis of the acrosomal vesicle in marine invertebrates, such as annelids (Takashima and Takashima, 1963) , bivalves (Niijima and Dan, 1965) , horseshoe crab (Andre, 1963) , and echinoderms (Dan, 1967) , the plasma and outer acrosomal membranes fuse at the apex and an acrosomal process is produced (Dan, 1967) . Acrosomal exocytosis in vertebrates, such as amphibians (Yoshizaki and Katagiri, 1982) , birds (Okamura and Nishiyama, 1978) , and mammals (Yanagimachi and Noda, 1970) , occurs at many points by vesiculation of the two membranes, resulting in the exposure of the perforatorium, which is not followed by the formation of a process. Spermatozoa of the neopterygii group of teleosts lack an acrosome (Jamieson, 1991) . In other chordates, often called protochordates, the mode of acrosome reaction differs among species: a process is formed during the exocytosis at the apex in Oikopleura dioica , an appendicularian urochordate (Holland et al ., 1988) ; in the spermatozoa of Ciona intestinalis , an ascidian, acrosomal exocytosis occurs through the vesiculation of the two membranes, and a process is not formed (Fukumoto, 1990) . In basal vertebrates, the spermatozoa of lampreys follow the mode seen in invertebrates, and the long organelle originally found extending through the nucleus is expelled in the form of a rod (Jaana and Yamamoto, 1981) . Spermatozoa of the sturgeon, Acipenser transmontanus , also form acrosomal processes, which appear to originate from the nuclear channels and the subacrosomal region (Cherr and Clark, 1982) . Recent studies in hagfish, a member of the most primitive vertebrate group, showed an acrosome reaction with intermediate features between the mode in invertebrates and the one in vertebrates: an acrosomal process containing actin projects, deriving from the amorphous subacrosomal material, and the alignment of vesicles appears (Morisawa, 1999; Morisawa and Cherr, 2002) . These aspects suggest that the mode of acrosome reaction is complicated in organisms on the border between invertebrates and vertebrates. Studies on the acrosome reaction in amphioxus have been awaited from both reproductive and phylogenic points of view.
Having obtained naturally spawned spermatozoa, the present study revealed several layers of acrosomal vesicle contents and described an acrosome reaction similar to the mode most often seen in invertebrates. Ionomycin-treatment induced the amphioxus spermatozoa to open the acrosomal vesicle at the apex and to produce an acrosomal process that was at least 2 µ m long. The formation of an acrosomal process is usually seen in externally fertilized invertebrate and vertebrate species, hence the mode of acrosome reaction might reflect an ecological adaptation as well as a phylogenic position. On the other hand, the successful induction of acrosomal exocytosis by a calcium ionophore suggests that calcium flow across the plasma membrane is required for the exocytosis of acrosomal vesicle in amphioxus, as has been commonly seen in previously studied animals.
Several aspects of the acrosome reaction in amphioxus remain to be studied, such as the nature of the egg coat material that induces the acrosome reaction, how the acrosomal contents interact with the eggs, and how the core and membrane of the acrosomal process are formed. Further studies of fertilization are thus needed. More detailed observations of the acrosome reaction in the vicinity of eggs, such as those conducted by Colwin in Hydroides (1961a, b) and in Saccoglossus (1963a, b) after the first description of an acrosome reaction in sea urchins by Dan (1952) , may be helpful for understanding the reproduction of the genus Branchiostoma .
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